Abstract Coastal ecosystems are important because of the vital ecosystem functions and services they provide, but many are threatened by eutrophication and hypoxia. This results in loss of biodiversity and subsequent changes in ecosystem functioning. Consequently, the need for empirical field studies regarding biodiversity-ecosystem functioning in coastal areas has been emphasized. The present field study quantified the links between benthic macrofaunal communities (abundance, biomass, and species richness), sediment oxygen consumption, and solute fluxes ( , SiO 4 , Fe, Mn) along a 7.5-km natural gradient of seasonal hypoxia in the coastal northern Baltic Sea. Sampling was done in late August 2010 in the middle archipelago zone of the Hanko peninsula, Finland. As predicted, the macrofaunal communities were decimated with increasing hypoxia, and the nutrient transformation processes were changed at the sediment-water interface, with notably higher effluxes of phosphate and ammonium from the sediment. Solute fluxes varied even during normoxia, which implies a high context-dependency, and could be explained by even small variations in environmental variables such as organic matter and C/N ratios. Importantly, the low diversity benthic macrofaunal communities, which were dominated by Macoma balthica and the invasive Marenzelleria spp., had a large influence on the solute fluxes, especially under normoxia, but also under hypoxia.
Introduction
Coastal environments are often heterogeneous, with a complex mosaic of different habitats and conditions that sustain high biodiversity. They are important areas because of the vital ecosystem functions (e.g., primary production and nutrient cycling) and services (e.g., food provision and recreational opportunities) they provide (Levin et al. 2001; Barbier et al. 2011; Snelgrove et al. 2014) . The integrity of coastal ecosystems is however under threat, from dredging and construction activities, eutrophication, and oxygen deficiency among others that can impair biotic communities and alter ecosystem functions (Levin et al. 2001; Lotze et al. 2006; Conley et al. 2011) .
Hypoxia (oxygen concentration < 2 mg l −1
) is a pressing threat globally, especially in coastal areas and often results from a combination of nutrient loading and stratification of the water column Diaz and Rosenberg 2008; Gilbert et al. 2010; Carstensen et al. 2014) . The severity of the disturbance can be variable depending on the duration and extent of the reduced oxygen conditions. For example, seasonal and reoccurring hypoxia (due to salinity and temperature stratification of the water column) in coastal waters puts the ecosystems into a cycle of alternating states of disturbance and recovery ). Hypoxia also greatly
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Electronic supplementary material The online version of this article (doi:10.1007/s12237-016-0152-7) contains supplementary material, which is available to authorized users. modifies biogeochemical cycles, for example increasing the flux of phosphorus and bioavailable nitrogen from the sediments (Virtasalo et al. 2005; Kemp et al. 2009; Mort et al. 2010 ). This internal nutrient recycling then re-enforces the production-decomposition cycle that causes hypoxia in a continued vicious circle of eutrophication (Diaz and Rosenberg 1995; Vahtera et al. 2007) .
As bottom-water oxygen concentration declines, it leads to loss of bottom-living organisms (Diaz and Rosenberg 1995; Norkko and Bonsdorff 1996; Vaquer-Sunyer and Duarte 2008; Villnäs et al. 2012) . Hypoxia-induced changes in macrofauna species diversity, size structure, and behavior will likely result in altered or impaired ecosystem functioning (Karlson et al. 2007; Norkko et al. 2013; Norkko et al. 2015) . For example, the rates of activities important to remineralization of organic material at the sediment surface and within the sediment, such as feeding, bioturbation, construction, and ventilation of burrows will change (Aller and Aller 1998; Kristensen 2000; Mermillod-Blondin and Rosenberg 2006) . These changes are likely to influence the distribution of organic material and oxygen in the sediment (Josefson et al. 2012 ), which in turn affects the nutrient transformation processes, such as denitrification and phosphorus retention in the sediment (Glud 2008; Villnäs et al. 2013) . To date, however, real-world quantifications of these changes are scarce and changes in function are often merely inferred from shifts in functional trait diversity or based on results of laboratory experiments with simplified faunal assemblages (e.g., Marinelli and Williams 2003; Ieno et al. 2006; Karlson et al. 2007; Norling et al. 2007 ). This is problematic because these approaches do not capture the many positive and negative feedbacks in organism-sediment relationships that drive ecosystem function (Braeckman et al. 2014; Snelgrove et al. 2014; Lohrer et al. 2015) . As the incidence of coastal hypoxia increases globally (Diaz and Rosenberg 2008; Rabalais et al. 2010; Conley et al. 2011) , there is a pressing need to link changes in macrofaunal diversity to ecosystem functions in field settings so that consequences to ecosystem services can be better assessed on larger scales (Snelgrove et al. 2014; Lohrer et al. 2015) .
In the open Baltic Sea, we have previously demonstrated that the influence of benthic macrofauna diversity on nutrient cycling is reduced as bottom-water oxygen concentrations decline, but that the fauna nevertheless plays a role also under hypoxic conditions . However, it is not clear whether similar relationships hold in coastal waters where the majority of primary production and nutrient processing takes place (Levin et al. 2001 ) and the coupling between the sediments and the euphotic layer of the water column is potentially stronger (Welsh 2003; Kristensen et al. 2014) .
Our objective was therefore to quantify the links between benthic macrofauna, sediment oxygen consumption, and solute fluxes along a natural gradient of seasonal hypoxia in the coastal zone of the northern Baltic Sea. Solute fluxes across the sediment-water interface were used as a direct measure of ecosystem function since they represent mineralization processes within the sediment and the regeneration of nutrients. Since the northern Baltic Sea is a low-biodiversity system with low functional redundancy (Villnäs and Norkko 2011) , we predicted that with increasing hypoxia, the contribution of macrofauna to ecosystem function would decrease. Exploring these relationships along a gradient of declining oxygen in the field is a useful way of examining the contextdependent effects of hypoxia on natural communities, ecosystem functioning, and the biodiversity ecosystem function relationships (Pearson and Rosenberg 1978; Larsen et al. 2005; Villnäs et al. 2012; Norkko et al. 2015) .
Methods

Study Area and Sampling
Hypoxic bottom-water has been observed in many bays and archipelago areas along the Finnish south coast, mostly resulting from eutrophication and upwelling, but also as a result of water column stratification and topography that prevents the circulation and oxygenation of the bottom water (Vallius 2006) . Enclosed bays and sounds with partly deeper areas are thus more prone to seasonal hypoxia than more open areas with swifter currents. The studied area is a complex shallow archipelago with a labyrinth of bays and sounds, and consequently, many seasonally hypoxic areas due to strong water column stratification. Macrofaunal communities are dominated by the bivalve Macoma balthica, polychaetes Marenzelleria spp., gastropods Hydrobiidae, and amphipods Monoporeia affinis. To investigate the links between macrofaunal community structure and ecosystem functioning in response to hypoxia, we sampled benthic macrofauna and measured sediment oxygen consumption and solute fluxes from nine sites within a 4-km radius spanning a range of bottomwater oxygen concentrations (0.0-7.7 mg l −1 ) in the middle archipelago zone of the Hanko Peninsula, western Gulf of Finland (Table 1 , see map Appendix 1). The study area was thus small enough to ensure equal background diversity, i.e., the same species pool, at all sites. Sampling was done in late summer, August 10-24, 2010, to coincide with the peak distribution of seasonal hypoxia, which occurs at some of the sampling sites (in a deeper part of a sound with poor mixing during summer). Hypoxia at these sites generally appears during late summer when a strong temperature stratification of the water column becomes established and the bottom water is reoxygenated in the fall when the water column is mixed again. The exact timing depends on the location and on weather conditions. Three of the sampling sites experienced severe, prolonged seasonal hypoxia (SH1-3), two were classified intermittently hypoxic (IH4-5) due to their close proximity to the deeper anoxic areas even though were normoxic at the time of sampling, and the remaining four sites (O1-4) remain normoxic all year round due to their geographically more open locations. Site SH1 is monitored twice per year by Centre for Economic Development, Transport and the Environment in Uusimaa, and sites O2 and O3 are monitored by Tvärminne Zoological Station, which provides information of the history of the oxygen conditions and benthic macrofaunal communities in the more open area. Water depths varied between 8 and 33 m and the salinity at all sites was around 6 (Table 1) . Bottom-water temperatures were 7-19°C on the sampling dates. The lower temperatures at the deeper sites were a result of the seasonal thermocline. At the deep sites, O1 and O2, temperatures were, however, higher due to a mixing event. We selected sites with similar sediment properties (Appendix 2) to emphasize the role of the variation in the faunal communities and oxygen concentrations on ecosystem function.
Sediment Oxygen Consumption and Solute Flux Measurements
Oxygen consumption and solute fluxes across the sedimentwater interface were estimated by incubations of intact sediment cores. Cores were collected with a Gemax twincorer (internal diameter 90 mm), using split tubes, where the upper section (30 cm sediment + 10 cm bottom-water; see also Norkko et al. 2015) was sealed and used as a flux chamber. The cores were immediately incubated onboard in darkness and at in situ temperature. The oxygen concentration in the overlying bottom water did not decrease more than 20 % compared to initial values (i.e., in situ concentrations) during the incubations, except for at site SH3 which already had a low oxygen concentration at the start of the incubation (decrease <35 % compared to initial values). The core lid contained a Teflon-coated magnetic stirring bar, which provided continuous gentle stirring by an external magnet throughout the 2-h incubation, ensuring the overlying water was well mixed, but no sediment was resuspended. Five replicate cores were incubated per site except at sites SH2 and O4 where n = 3. All samples were taken within a few meters at each site.
Water 
Sediment Characterization
At each site, a core (90-mm diameter) was collected, sliced (0-1, 2-3, 10-11 cm), and frozen for subsequent determination of sediment properties. For the grain size samples, large shell fragments were removed and the samples were treated with hydrogen peroxide (H 2 O 2 , 6 %) to dissolve organic material, then they were sieved (63, 250, 500 μm) and the percent dry weight of each fraction measured. Homogenized surface sediment (0-1 cm) was analyzed for organic material (OM) as loss on ignition (3 h at 500°C). Freeze-dried surface sediment , SiO 4 ) in the sediment pore-water, one intact core at each site was collected and sliced (0-3 and 10-11 cm). The depth fractions were centrifuged (30 min, 4000 rpm, 4°C) and the supernatant filtered (Whatman GF/F) and then frozen until analysis as described above for the nutrient samples.
Characterization of Macrofaunal Communities
All incubation cores were sieved (0.5-mm sieve, contents preserved in 70 % ethanol) to quantify the benthic macrofaunal species richness (lowest taxonomic level possible), abundance and biomass by dry weight (48 h at 60°C), as well as individual body size. Box core samples (0.04 m 2 , n = 3) were also collected from each site and analyzed to assess whether the smaller incubation cores sufficiently managed to encompass the macrofaunal communities.
Statistical Analysis
To describe site differences in the benthic faunal communities (abundance and biomass), we used non-metric multidimensional scaling (nMDS PRIMER 6, Clarke and Gorley 2006), based on the Bray-Curtis similarity index (biomass data log 10 (x + 1) transformed to downweigh dominance). Dummy species were included in the analyses (added to all samples with the same value) to enable inclusion of anoxic sites with no fauna (Clarke et al. 2014) . Additionally, multivariate one-way analysis of similarities (ANOSIM, PRIMER 6) was used to determine the significance of differences in community abundance, biomass, and the multivariate measure of solute fluxes between all sites, as well as among the normoxic sites (O1-4).
Distance-based linear models (DistLM in PERMANOVA+ for PRIMER 6, Anderson et al. 2008 ) are in essence a multiple linear regression model performed on multivariate response data in order to determine how much of the variation can be explained by predictor variables. DistLMs were used to examine the influence of (a) environmental variables (bottomwater oxygen concentration, depth, salinity, temperature, OM, silt/clay-content, Chl a, phaeophytin, Chl a/Phaeo-ratio, C/Nratio) on multivariate macrofaunal community structure (abundance and biomass) and (b) environmental variables and total macrofaunal community abundance, biomass, and species richness on ecosystem functioning (fluxes). For all sets of analyses, we first examined the relationships including all sites (excluding SH2 due to missing environmental data) along the oxygen gradient and then a subset only including the normoxic sites (O1-4). This division was made in order to examine the relationships during seasonal hypoxic conditions and during normoxic conditions in a coastal ecosystem. Sites IH4 and IH5 were not included in the normoxic sites due to potential effects of intermittent hypoxia due to their close proximity to the anoxic and hypoxic sites. For solute fluxes and macrofauna, the datasets included three to five replicates per site, while the environmental variables were represented by one replicate per site. Individual size was included in the initial analyses but did not improve model fits, so therefore, this information is not presented.
A backward-selection and an AIC stopping criterion were used in the DistLM to determine important predictors of the macrofaunal communities. Resemblance matrices for the multivariate community abundance and biomass (log 10 (x + 1) transformed) were based on Bray-Curtis similarities between samples. Predictors included in the analyses were bottom-water oxygen concentration, depth, temperature, and the surface sediment (0-1 cm) OM and C/N-ratio. Highly co-correlated environmental predictor variables were excluded from the analyses (i.e., Pearson's r > 0.90; salinity, silt/clay content, Chl a, pheophytin, and Chl a/Pheo-ratio; see Appendix 3).
Distance-based linear models were also used to investigate the role of environmental and biological variables in predicting a multivariate measure of oxygen consumption and solute fluxes. The environmental variables included were bottom-water oxygen concentration, water depth, and the surface sediment (0-1 cm) OM and C/Nratio. Biological predictor variables were total macrofaunal community abundance, biomass (log 10 (x + 1) transformed) and number of species from the individual incubation cores. The biological predictors were included in the analyses to account for faunal metabolism and bioturbation effects on the solute fluxes. Highly co-correlated predictor variables were excluded from the analysis (i.e., Pearson's r > 0.90; salinity, temperature, silt/clay content, Chl a, pheophytin and Chl a/Pheo-ratio; see Appendix 3). Flux data (NO x , NH 4 + , PO 4 3− , SiO 4 , Fe, Mn, O 2 ) were normalized to ensure equal importance of all fluxes (subtract the mean and divide by the standard deviation for each variable) before resemblance matrices based on between-sample similarities of Euclidean distances were created. An AIC stopping criterion and forward, rather than backward-selection, were used to determine the relative importance of predictors. The marginal test indicate the proportion of the variation the predictor accounts for alone, while the results from the sequential test indicate the proportion added by the predictor to the cumulative total proportion explained.
Results
Environmental Variables
All sites had fine muddy sediments dominated by grain sizes smaller than 63 μm (Table 1 and Appendix 2). The OM and Chl a content, as well as the Chl a/pheophytin-ratio was negatively correlated with oxygen concentration (Table 1 and Appendix 3). The nutrient concentrations in the bottom-and sediment pore-water followed the same pattern with higher concentrations of phosphate and ammonium at the sites with low or no oxygen (Appendixes 4 and 5).
Macrofaunal Communities
The site-averaged macrofaunal community abundance and biomass in box core and incubation core samples were highly correlated with r 2 > 0.98, p < 0.001, with slopes very close to 1 (1.1 and 1.0, respectively). However incubation cores on average contained two less species than did the box core samples (r 2 > 0.82, p < 0.001), which was expected due to differences in sample area. Consequently, we used the macrofauna community data from the incubation cores in all subsequent analyses.
In total, 12 species or taxonomical groups of infauna were observed in the incubation core samples (Table 2) . No fauna were present at the anoxic sites SH1 and SH2, and at site SH3, only three species were present with mean total abundance and biomass of 790 ind. m −2 (SD ± 1100) and 0.6 g dwt m −2
(SD ± 0.7), respectively. At sites IH4-5, on average, four species were present in the incubation cores with total abundances ranging from 1000 to 5000 ind. m −2 and total biomasses ranging from 1 to 40 g dwt m −2
. In comparison, at the oxic sites, five to six species were generally present with total abundances between 3000 and 11,000 ind. m −2 and total biomasses 1 and 300 g dwt m −2 (Table 2 and Appendix 6).
The dominant species in terms of abundance were Marenzelleria spp. (Polychaeta) and M. balthica (Bivalvia) (represented on average 44 and 38 %, respectively, of total abundance in each core with fauna; Table 2 ), while biomass was dominated by M. balthica (represented on average 90 % of total biomass in each core with fauna; Appendix 6). Community structure based on abundance and biomass differed between sites (ANOSIM; abundance R = 0.764, p = 0.001; biomass R = 0.648, p = 0.001) and followed the gradient of oxygen concentration, with for example higher total community abundances and biomasses at the nonhypoxic sites (Fig. 1) . Additionally, the macrofaunal communities also differed among the normoxic sites (O1-4, ANOSIM; abundance R = 0.797, p = 0.001; biomass R = 0.362, p = 0.001). There was natural intrasite variability between incubation cores in both abundance and biomass, but biomass variation was especially high at site O3 because of variability in the density of large M. balthica (Fig. 1) . The shallower site O4 was slightly different in community structure but serves as a valuable comparison to the other sites with normoxic conditions all year round. The results of the analyses of variations in macrofaunal community structure based on species abundance at all sites (including the hypoxic conditions) showed that all included environmental variables oxygen, depth, temperature, OM, and C/N ratio were important in explaining the structural variation, and the predictors could explain a total of 78 % (Table 3) . Similarly, all the environmental variables could account for a total of 77 % of the variation in the species biomass when all sites were included.
At sites with normoxic conditions all year round (O1-4), all the predictor variables, except bottom-water oxygen concentration, were important in explaining the variation in community abundance and biomass. The predictors could account BOthers^include species that were only found at one site (Hediste diversicolor, Saduria entomon, Oligochaeta, Valvata sp.)
Taxonomic class: B Bivalvia, M Malacostraca, Pr Priapulida, P Polychaeta, I Insecta, G Gastropoda for a total of 79 and 41 % of the variation in abundance and biomass respectively (Table 3) .
Ecosystem Function
Sediment oxygen consumption and solute fluxes were very variable, even within the relatively small area of this study, with for example generally higher efflux of phosphate and ammonium at sites with low or no oxygen (Table 4) . The ranges of fluxes of phosphate and ammonium at the anoxic sites SH1 and SH2 were 2.5-5.9 and 13.0-43.0 mmol m
, respectively, which is much higher compared to the same flux ranges at the oxic sites O1-4, which were −0.2-1.7 and 1.4-3.5 mmol m −2 day −1
, respectively. Both phosphate (r 2 = 0.677, p < 0.001) and ammonium (r 2 = 0.811, p < 0.001) fluxes showed a negative linear trend with increasing bottom-water oxygen concentration.
The multivariate solute fluxes differed between all sites (ANOSIM; R = 0.603, p = 0.001) and even when only considering the multivariate fluxes at the normoxic sites (O1-4), substantial variability was observed (ANOSIM; R = 0.799, p = 0.001). The multivariate measure of solute fluxes across the sediment-water interface was linked to environmental and biological variables. When considering all sites, from anoxia to normoxia, the most important factors explaining the variability of the fluxes cumulatively were bottom-water oxygen concentration (37 %) and macrofaunal abundance (17 %), while depth, C/N, and OM added 4 % each. The community biomass and number of species did not add explanatory power to the model. All included predictor variables in the model explained a total of 66 % of the variation (Fig. 2 and Table 5 ).
Macrofaunal community abundance was selected as the most important predictor variable for the fluxes at the normoxic sites, explaining 37 % of the variability, while OM and C/N added 14 and 11 %, respectively (Table 5) . Bottomwater oxygen concentration added cumulatively 8 % and number of species added another 4 %, but it was not significant. The predictor variables chosen into the model could together explain a total of 72 % of the variation in the solute fluxes.
Discussion
By exploring the relationships between benthic macrofauna and solute fluxes across environmental gradients, we demonstrate how important components of biodiversity, such as the abundance, biomass, and species richness of macrofaunal communities, can have a major contribution to nutrient transformation processes. It is well known that functional diversity affects many ecosystem functions, but there is, however, a lack in knowledge of the context dependency of these effects and how relationships change across environmental disturbance gradients, such as eutrophication and hypoxia. Theoretical advances in our understanding of marine biodiversity-ecosystem functioning relationship have Fig. 1 nMDS of macrofaunal community abundance and biomass (log 10 -transformed) (based on the Bray-Curtis similarity) in incubation core samples with a vector overlay of increasing bottom-water oxygen concentration (n = 5, except at SH2 and O4 n = 3). See Table 1 for site characteristics The results from the marginal tests and the total variation explained of the predicting variables from the sequential tests in the DistLM analyses with backward-selection are presented. Marginal tests indicate the proportion of the variation the predictor accounts for alone, while the results from the sequential tests indicate the total proportion of the variance accounted for by the predictors in the model *p < 0.05; **p < 0.01; ***p = 0.0001 outpaced verification in the field, and hence, the need for empirical field studies, which encompass natural communities, has been emphasized (Snelgrove et al. 2014) . Our study aimed to reduce this knowledge gap through exploring the role of in situ benthic macrofaunal communities for nutrient cycling processes at the sediment-water interface, against the backdrop of the changing relationships with the onset of seasonal hypoxia in the coastal zone. We encompassed the variability in macrofauna communities and nutrient transformation processes along a gradient of declining oxygen concentration in coastal muddy soft-bottom habitats with the same overall regional background diversity. As expected, the benthic macrofaunal communities were severely decimated and the processes of the nutrient flow through the coastal ecosystem were markedly changed with the increasing hypoxic disturbance, with for example increased effluxes of nutrients from the sediment (Table 4) . Interestingly, the results further showed a large variation in the solute fluxes and benthic macrofauna communities even in areas with normoxic conditions within the same type of habitat. Under normoxic conditions, even subtle differences in environmental variables such as organic matter and C/Nratios played an important role in modifying the relationships (Table 5 ). This implies a high context dependency of macrofauna-ecosystem functioning relationships, which makes it difficult to predict and generalize the biodiversity ecosystem functioning patterns, unless a range of environmental variables are accounted for. We could however show that the benthic macrofaunal communities were significantly affecting the ecosystem functioning during normoxic conditions, and also to some extent when hypoxic disturbance influenced the benthos (Table 5 ). Obviously some of the measured variability could be attributed to sampling artifacts (i.e., cores are never totally undisturbed), but we are confident that the measured differences between sites reflect real differences. The direct effects of the benthic macrofauna on the solute fluxes due to faunal respiration and excretion should not be ignored. From the total solute fluxes measured in this study, Fig. 2 Graphical representation by dbRDA of the relationships between significant predictors (bottom-water oxygen concentration, OM, C/N, depth, macrofaunal community abundance) and Euclidean distances of the multivariate oxygen and nutrient fluxes at all sites (n = 5, except at SH2 and O4 n = 3). The closer samples are to each other, the more similar are their fluxes. The vectors indicate the direction and the importance of the predictors for the fluxes on these two axes we cannot, however, calculate the different contributions since the fluxes include overall sediment metabolism as well as the faunal metabolism. Studies have reported large variability in direct faunal effects, both species intraspecific and interspecific variability (Banta et al. 1999; Alves et al. 2010; Sereda and Hudson 2011) , but, for example, one species of Marenzelleria has been shown to directly contribute only 8 % to the ammonium efflux and 2-4 % to the total oxygen consumption (Quintana et al. 2013) . Excretion alone was, however, not likely to drive the differences in the measured fluxes in this study since there was not a significant trend of increasing ammonium efflux with increasing abundance or biomass at the normoxic sites, but the direct faunal effects were of course contributing to the fluxes to some extent. In our analyses, temperature was excluded due to co-correlation among predictors (abundance at the normoxic sites), but it should be remembered that temperature is an important variable for the mineralization processes at the sediment-water interface and temperature was also an important variable in accounting for the variation in the macrofaunal communities (Table 3) . Including temperature in the analyses would, however, not change the main conclusions of this study, since the largest nutrient effluxes were observed at the anoxic/hypoxic and cold sites (i.e., contrary to expectations). Eutrophication and expanding coastal hypoxia modify the processes and pathways of the nutrient and energy flow through the coastal ecosystem (e.g., Diaz and Rosenberg 1995; Conley et al. 2011) . Especially the effluxes of phosphorus (PO 4 3− ) and bioavailable nitrogen (NH 4 + ) were large when anoxia and hypoxia occurred, which also mirrored the nutrient concentrations in the pore water. Thus, the declining oxygen conditions at the sea floor resulted in increasing internal nutrient recycling, i.e., decreased absorption of phosphorus and decreased removal of nitrogen, which may lead to further eutrophication and hypoxic problems (Mortimer 1941; Smith and Hollibaugh 1989; Vahtera et al. 2007; Mort et al. 2010 ). The altered mineralization processes were also implied by the higher OM, Chl a content, and Chl a/pheophytin-ratio in the surface sediment at the sites with anoxic and hypoxic conditions ( Table 1) . The organic matter mineralization in an anoxic system is performed by anaerobic processes, which are potentially slower than the aerobic processes, and there are no macrofauna that buries or modifies the organic matter (Bianchi et al. 2000; Sun and Dai 2005; Woulds et al. 2007; Josefson et al. 2012) . The accumulation of undegraded organic material and reduced inorganic metabolites are further causing an oxygen debt within the sediment, which leads to impaired capacity for buffering and possibility for recovery in anoxic and hypoxic systems .
This investigation showed, as predicted, that the benthic macrofauna communities had a large influence on solute fluxes (36 % of variation) during normoxic conditions. However, when hypoxia and anoxia occurred in the coastal zone, the bottom-water oxygen concentration was the most important variable (37 % of variation), but the macrofauna still had some influence on the fluxes (17 % of variation; Baltic Sea, where the biodiversity ecosystem function relationships were explored over a large spatial scale (> 1200 km) with natural gradients in macrofaunal diversity and environmental conditions (i.e., oxygen concentration, salinity, and nutrient regime; Norkko et al. 2015) . The macrofauna was shown to have a large influence on the solute fluxes both under normoxic and hypoxic conditions, but the species important for driving the variation in the fluxes differed. In this study, the macrofaunal community abundance was the most important variable for explaining the solute fluxes and the communities were dominated by two species, the polychaete Marenzelleria spp. and the bivalve M. balthica. It has been suggested that the dominance of a few species with key functions may be more important than species richness for ecosystem functioning, and this might be of particular significance especially in ecosystems like the Baltic Sea with naturally low biodiversity (Chapin III et al. 1997; Josefson et al. 2012; Norkko and Reed et al. 2012; Norkko et al. 2013) . Our results showed that the abundance of Marenzelleria spp. alone accounted for 32 % (total abundance 36 %) of the variation in the multivariate solute fluxes at the sites with normoxic conditions and 17 % (total abundance 17 %) of the variation in the fluxes along the entire oxygen gradient. Consequently, a loss of the dominating species due to hypoxia could have large consequences for the ecosystem functioning (Norkko and Bonsdorff 1996; Levin et al. 2001) . Studies have shown that species identity is important (Karlson et al. 2007; Norkko and Reed et al. 2012) , and even intraspecific variation can affect ecosystem functionality (e.g., variation in size: Norkko et al. 2013) . The invasive polychaete genus Marenzelleria spp. has become the numerically dominant member of many benthic communities in the Baltic Sea (Kauppi et al. 2015) . In the study area, all three species, M. viridis, M. arctia, M. neglecta, occur (genetic analyses under way, Kauppi pers. comm.). The deep-burrowing characteristic of Marenzelleria spp. (Renz and Forster 2013) have in a modeling study been shown to potentially be very important for counteracting internal nutrient recycling, through facilitation of increased long-term (years) retention of phosphorus in the sediment (Norkko and Reed et al. 2012) . Additionally, Marenzelleria spp. also buries settling phytodetritus deeper down in the sediment, which slows down decomposition and immediate oxygen consumption at the sediment surface (Josefson et al. 2012 ). In short-term studies with homogenized sediments, however, the instantaneous phosphorus efflux from the sediments may increase with increasing densities of Marenzelleria spp. and subsequent higher rates of bioturbation ). Additionally, individual body size of the bivalve species M. balthica and Mya arenaria may have a major influence on solute fluxes; the biomass of only the large individuals was the most important driver of the variation in oxygen consumption and solute fluxes in a field experiment testing the consequences of changed macrofaunal community size-structure for ecosystem functioning ). This effect was not, however, observed in this data.
Consequently, an ecosystem might not be dependent on a high number of species but every system needs a sufficient number of individuals of functionally important species or groups in order to preserve efficient ecosystem functioning (Levin et al. 2001; Norkko et al. 2013 ). Due to hypoxia, however, faunal communities are reduced and many vital functions lost. Additionally, it is most often the long-lived and deep-burrowing individuals that are lost (and recover slowly), and these are often the individuals that contribute the most to ecosystem functioning . The feeding and bioturbation activities of the benthic macrofaunal communities produce structure, oxygenate, create microhabitats, and influence the rates and pathways of organic matter mineralization in the sediment (Aller and Aller 1998; Kristensen 2000; Lohrer et al. 2004; Mermillod-Blondin and Rosenberg 2006; Josefson et al. 2012) . Active macrofauna communities can, for example, influence the immediate oxygen consumption at the sediment surface through burial of organic matter and enhance the redox conditions, as well as stimulate the reoxidation of reduced metabolic products through oxygenation of the deeper sediment layers (Kristensen 2000; Josefson et al. 2012) . All these processes that are influenced by the benthic macrofauna affect the nutrient recycling at the sediment-water interface and contribute to the buffering capacity of the coastal ecosystems against nutrient loading and establishment of hypoxia.
A healthy normoxic coastal ecosystem is an important component of the nutrient transformation and retention processes between land and open sea (Levin et al. 2001; Smith et al. 2003) . These shallow areas are highly productive and support high biomasses of macrofauna and maintain a plethora of important ecosystem processes, including mineralization and nutrient recycling. In our study area, the coastal zone is a complex shallow archipelago, with a mosaic of islands and underwater habitats, and is likely to be important in modulating nutrient transport between land and open waters (Bonsdorff et al. 1997; Helminen et al. 1998) . The actual efficiency of this coastal nutrient retention remains to be quantified, but it is clear that hypoxia affects this function. Studies from many coastal ecosystems around the world have shown changed biogeochemical processes due to hypoxia. In Chesapeake Bay, large areas are affected by seasonal hypoxia (e.g., Kemp et al. 2005) . Mass balance analysis of sources and sinks for total N and P in Chesapeake Bay has strongly implicated that the estuary is an important buffer between land and open sea, performing active uptake and transformation of nutrients within the ecosystem (Kemp et al. 1997) . The expanding seasonal hypoxia does, however, increase effluxes of both phosphate and ammonium in some parts of the Bay during the summer months (e.g., Cowan and Boynton 1996) . Similar reports have also come from one of the world's largest hypoxic area situated in the northern Gulf of Mexico . In the summer months during peak distribution of hypoxia/anoxia, the benthic macrofaunal communities are heavily reduced and many higher taxa are lost, e.g., bivalves, gastropods, and ophiuroids, and the nutrient transformation processes change, with for example decreased denitrification, and thus more ammonium recycled to the overlying water column (e.g., Rabalais et al. 2001; Childs et al. 2002) . Continued nutrient loading and the expanding hypoxia are thus serious threats to the functioning of the important coastal ecosystems.
Here, we were able to show that the benthic faunal communities were important for driving the variation in solute fluxes, especially under normoxic conditions, but also to some extent when influenced by hypoxia. The internal nutrient recycling during hypoxia/anoxia was also very evident, with large effluxes of phosphorus and ammonium at low oxygen concentrations. Further, this study showed that the solute fluxes across the sediment-water interface can be variable under normoxic conditions, even within this relatively restricted area and at sites in similar habitats, which implies that there is large spatial variability of ecosystem functioning in the heterogeneous coastal zones. This presents challenges for marine spatial planning, management, and conservation efforts. In order to better understand the complex positive and negative interactions between both biological and environmental components that lead to a multifaceted web of feedbacks for ecosystem functioning, further exploration of the fauna ecosystem function relationships in different habitats and over different temporal scales is needed.
